Neocortical GABAergic interneurons expressing vasoactive intestinal polypeptide (VIP) contribute to sensory processing, sensorimotor integration and behavioral control. In contrast to other major subpopulations of GABAergic interneurons, VIP neurons show a remarkable diversity. Studying morphological and electrophysiological properties of VIP cells, we found a peculiar group of neurons in layer II/III of mouse primary somatosensory (barrel) cortex, which showed a highly dynamic burst firing behavior at resting membrane potential that switched to tonic mode at depolarized membrane potentials. Furthermore, we demonstrate that burst firing depends on T-type calcium channels.
inward rectification. It was calculated by comparing the input resistance at the maximum amplitude to that at steady state (averaged membrane potential toward the end of the stimulus). Differences are given as percentages. Fast inward rectification, i.e. at the initial maximal membrane potential response, (rectification index, RI) was measured by comparing the maximal membrane potential changes as responses to current pulses of 10 pA to those of 100 pA. Linearity (response to 10 pA is 10% of that to 100 pA) suggests that the deflection depends exclusively on passive membrane
properties. An increase in the percentage indicates involvement of fast inward rectification. For clarity, 10 was subtracted from the resulting values, thus no fast inward rectification is set to 0. Firing threshold, time to peak, half width, amplitude (measured from firing threshold to peak) of action potentials were analyzed using action potentials evoked at rheobase. To measure the firing threshold, we determined the point in time, within a time window of 1 ms before the spike peak, at which the slope of the membrane potential response dropped to 10% of the average slope within that time window. The membrane potential at this point in time was taken as firing threshold. The amplitude of afterhyperpolarizations (AHP) was determined by measuring the difference in voltage from firing threshold to maximum deflection of the repolarization. The time to peak of AHP was measured from the time point the repolarization of the action potential crossed the firing threshold to the maximum amplitude of the AHP. The distance to the pial surface of each recorded neuron was measured in images capturing the position of the tip of the recording electrode following experiments.
Analysis of the frequency range.
To analyze the frequency spectra of VIP neurons, all instantaneous frequencies (IFF; reciprocal of inter-spike intervals) were pooled for each neuron and binned in 10 Hz steps from 10 Hz to 400 Hz and plotted as percent in a cumulative manner. Based on this, the dynamic frequency range (DFR) was defined as 5% to 98% of all instantaneous frequencies found in corresponding frequency bins. Also, the first frequency bin in which more than 50% of all frequencies are found is given in the results (Figures 2B + C). For a direct comparison of burst and tonic mode of BS VIP neurons, the non-cumulative percentile distribution of IFFs was tested for significance in each bin, and plotted in Figure 2D .
Analysis of pharmacological experiments. Effects of pharmacological treatments were analyzed using custom written scripts for Signal 5. The change in frequency spectra induced by blockade of T-type calcium channels was analyzed as described above. To quantify the magnitude of membrane potential responses evoked by t currents (isolated by TTX application), we calculated the amplitude and integral of depolarizing humps, relative to steady-state levels, before and during the application of TTA-P2. The effects of h currents were quantified by calculating the sag index as described above and the amplitude of the rebound depolarization, relative to baseline membrane potential, following a current stimulus of -100 pA before and during the application of ZD7288. Steady-state membrane potential changes induced by bath-applied neuromodulators were analyzed by measuring the membrane potential as the average of 10 epochs of 100 ms each just prior to the hyperpolarizing current stimuli during (a) the first 60 s of the recording, representing baseline, and (b) the last 60 s of the recoding. The amount of recovery of the membrane potential was analyzed in the same manner.
To analyze the magnitude of membrane currents evoked by local pressure application, we measured the amplitude of evoked currents relative to baseline holding current levels.
Analysis of morphological data
Properties of reconstructed neurons were quantified with Neurolucida Explorer (MBF Bioscience, Colchester, VT). Data were not corrected for tissue shrinkage. However, from several measurements, the shrinkage was determined to be around 10-15 % in the x-/y-axes and 40-60 % in the z axis. To determine the distribution of neuronal processes and superimpose multiple neurons, reconstructed neurons were registered into one file using defined layer borders as a reference (Prönneke et al. 2015) , somata aligned at the same horizontal level, and neurites of individual neurons plotted as a binary image. Vertical and horizontal density of dendrites and axon were determined by calculating the vertical and horizontal average pixel density of these binary images using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ ij /, 1997-2016.) . Furthermore, binary images were also generated from superimposing neurites of multiple neurons and filtered using a Gaussian filter with a comparable radial sigma (20 at 300 dpi) for all structures and a color look-up-table ranging from cold (blue and green for white to light gray) to warm colors (yellow and red for dark gray to black) was applied to the resulting grayscale image.
This was then merged with the original black and white image and resulted in heat-maps visualizing areas of highest density of dendritic and axonal trees.
Statistical tests
For statistical comparisons, data were tested for normality (Shapiro-Wilk test) and equal variance.
If both passed, a one-way student t-test was used. If one or both failed, a Mann-Whitney rank sum test was used. P-values were adjusted to preclude alpha-inflation (Bonferroni) when necessary. For any multiple group comparison one way analysis of variance (ANOVA) was used. When significant differences were found and normality or equal variance tests passed, a post-hoc Holm-Sidak method as an all pairwise multiple comparison procedure was applied. If normality or equal variance tests failed, ANOVA was based on ranks with post-hoc Tukey or Dunn's method as an all pairwise multiple comparison procedure. For comparison of proportions, we used a Chi-square test with Yates continuity correction. All statistical tests were performed with SigmaPlot (Version 13.0, Systat Software, Inc., Erkrath, Germany). Values are given as mean±SD if not indicated otherwise.
Results
VIP neurons in layer II/III of the mouse barrel cortex display a great diversity in firing patterns (Kawaguchi and Kubota 1997; Cauli et al. 2000; Prönneke et al. 2015) . A subset of these neurons show high frequency discharges of APs, a firing behavior often described as bursting. However, bursting is an ambiguous term used for a multitude of high-frequency events. In this study, we define bursting as firing of multiple APs with high frequency only if it already occurs at minimal current stimulation (rheobase). Using this classification, we identified 20% (55 of 269) of all recorded VIP neurons as burst spiking (BS) VIP neurons in layer II/III of the mouse barrel cortex. In layers IV-VI, however, we never observed BS VIP neurons as of yet (0 of 121).
Electrophysiological properties of BS VIP neurons at resting membrane potential
Just below firing threshold, BS VIP neurons show a depolarizing hump during the initial phase of current stimulation (see grey traces in Figure 1A ) which, on average, peaked at -45.3±3.5 mV ( Figure   S2A ). Rheobase stimulation elicits an additional, steeper depolarizing envelope on which eventually multiple APs with short inter-spike intervals (ISIs) are evoked (see black traces in Figure 1A at rheobase stimulation). The magnitude of both transient depolarizations varied between individual BS VIP neurons and so did the number of APs comprising bursts (compare individual neurons in Figure   1A ). The bursts consisted of 2 to 6 APs of variable intrinsic firing frequency. For a detailed description, we determined the instantaneous firing frequencies (IFF, see Material and Methods for details) for all ISIs in bursts at rheobase stimulation. Including all individual BS VIP neurons, irrespective of the number of APs, the average intra-burst firing frequency was 176±64 Hz. However, the IFF depends on the number of APs within a burst: bursts consisting of 2 APs had the lowest average IFF of 111±28 Hz in contrast to those comprising 6 APs with an average IFF of 217±71 Hz (for a more detailed analysis see Figure S1 ).
In addition to the variability of the number of APs within bursts, BS VIP neurons also showed remarkable differences in discharge patterns in response to increasing stimulation intensities: most BS VIP neurons fired only few APs after the burst (53%, 29 of 55; Figure 1A , bottom left and right).
This cease in AP firing occurred within the first 500 ms of current stimulation, leading to a prolonged phase of quiescence. These neurons showed a prominent repolarization after the burst already at rheobase stimulation. In a third of all BS VIP neurons, the burst was followed by irregular discharges of APs (29%, 16 of 55; Figure 1A , top right). The smallest group of BS VIP neurons continuously fired APs after bursting for the entire duration of current stimulation (18%, 10 of 55; Figure 1A , top left). These differences in sustained firing may result from differences in the expression of delayed rectifying K + channels. VIP neurons have been shown to be equipped with such channels (Porter et al. 1998 ).
In response to hyperpolarizing stimuli, BS VIP neurons displayed a delayed voltage sag and slow rebound depolarizations both of variable magnitude. In all cases but one ( Figure S2B ) rebound depolarizations were never large enough (peak depolarization: -60.3±4.3 mV following -100 pA current stimulations) to elicit rebound spiking (see hyperpolarizing traces in Figure 1A and Figure S2 ).
Burst firing, according to our definition, is qualitatively different from single AP firing. Therefore, we asked whether basic electrophysiological properties of BS VIP neurons (n = 55) differ substantially from those of non-BS VIP neurons (n = 214; Figure 1B , Supplementary 
Location of BS VIP neurons within layer II/III
As mentioned above, the soma location of BS VIP neurons was restricted to layer II/III. We asked whether there are any differences in the soma location between BS and non-BS VIP neurons. To this end, we measured the distance of somata to the pial surface of all recorded VIP neurons (n = 269; see Material and Methods for details). We found a clear location bias of BS VIP neurons within layer II/III in that the 55 BS VIP neurons preferred upper layer II/III. The 214 non-BS VIP neurons, in contrast, were much more evenly distributed across layer II/III ( Figure 1D ). The median distance to the pial surface was 217 µm for BS versus 233 µm for non-BS cells (P = 0.008).
Morphological properties of BS VIP neurons
In order to test whether BS VIP neurons are a morphologically distinct subset of layer II/III VIP neurons, we compared the morphology of 12 reconstructed BS VIP neurons to that of 8 reconstructed non-BS VIP neurons published in an earlier study (Prönneke et al. 2015) . We will first describe basic morphological propertie,s followed by an analysis of the distribution of neurites throughout the barrel per 100 µm).
These basic properties, however, do not include information about the distribution of neurites throughout the barrel cortex, which is very important for understanding the input-output relationship of VIP neurons. To describe the distribution pattern of neurites in detail, and compare BS to non-BS VIP neurons, individual neurons were aligned at the same horizontal somatic position. This method preserved the vertical distribution of their neurites ( Figure 1C ; S2 + S3). We then determined the average density profiles for dendritic and axonal trees for all reconstructed VIP neurons (see Material and Methods for details).
Dendrites of BS VIP neurons were found from layers I to IV with varying degrees of density. On the population level, the dendritic density of BS VIP neurons peaked in layer I and steadily decreased towards layer IV ( Figure 1C , orange vertical graph, Figure S3A ). Non-BS VIP neurons also spread their dendrites throughout layers I to IV. In contrast to BS VIP neurons, their dendritic density peaked in layer II/III ( Figure S3B ). However, this comparison was based on population data and individual
VIP neurons differed in their dendritic distribution profile (Figure S5+S6). Most of the BS VIP neurons
(9 of 12) had the majority of their dendrites located above their somata, in 1 neuron dendrites were distributed symmetrically with respect to the soma, and in 2 neurons dendrites were preferentially located below their somata ( Figure S5 ). By contrast, only 1 non-BS VIP neuron had the majority of their dendrites above the soma, 3 neurons showed a symmetrical distribution, and dendrites of the remaining 4 were preferentially located below their somata ( Figure S6 ).
The axon of BS VIP neurons extended throughout all layers of the barrel cortex. Axonal density peaked in layers II/III and Va ( Figure 1C , green vertical graph). This bimodal distribution pattern is very similar to previously described layer II/III VIP neurons (Prönneke et al. 2015) . Indeed, when we compared the density profiles of BS and non-BS VIP neuron, these were virtually identical ( Figure   S4D ). This suggests that the population of BS and non-BS VIP neurons have largely overlapping output domains but does not necessarily exclude differences in target cells. ( Figure 1C , horizontal graphs; S2 + S3). Accordingly, the horizontal density profile of dendrites and axon was very similar when comparing BS to non-BS VIP neurons ( Figure S3D + S4D).
In summary, differences in the morphology between BS and non-BS VIP neurons were at most subtle. Specifically, dendritic trees of BS VIP neurons were slightly more asymmetric and pia-oriented.
Axonal trees, however, were virtually identical.
BS VIP neurons switch their firing pattern to tonic upon depolarization
Strikingly, bursting in VIP neurons was dependent on the membrane potential. When we constantly depolarized BS VIP neurons to a membrane potential of -50 mV, their firing pattern changed to a tonic mode. In response to rheobase stimulation, all tested neurons (n = 50) fired a single action potential instead of their typical high-frequency burst ( Figure 2A , top traces are responses to rheobase stimulation). Progressively increasing stimulation intensities evoked AP trains with incremental firing frequencies. In most cases the cells fired constantly (as the example shown in Figure 2A ), resembling the well-known tonic mode of thalamic relay cells (Llinas and Jahnsen 1982) . Note however, that some BS VIP neurons did not sustain firing at depolarized membrane potential. As will be described in detail below, even these cells fire at substantially lower frequencies compared to burst mode at RMP. Nevertheless, we will use the term tonic mode for the discharge pattern at depolarized membrane potentials.
BS VIP neurons are, therefore, able to generate two substantially different discharge patterns, especially in the frequency regime. Accordingly, we analyzed the frequency spectra by pooling the IFFs of all recorded responses of each neuron for both, burst and tonic mode separately (n = 50).
We then calculated the percentile distribution of the number of IFFs in bins of 10 Hz. In burst mode ( Figure 2B ), the population of BS VIP neurons showed a broad range of IFFs from 10 to 340 Hz (see
Materials and Methods for range definition)
. In tonic mode, the upper limit of the IFF range of BS VIP neurons shifted to 170 Hz ( Figure 2C ). On average, 50% of all IFFs were found above 90 Hz in burst mode, whereas in tonic mode 50% of all IFFs were found above 50 Hz. Thus burst mode broadens the dynamic frequency range.
A direct comparison of the frequency spectra of the population of BS VIP neurons ( Figure 2D ) during burst and tonic mode reveals a statistically significant difference in two separate frequency domains. ( Figure S1 ) the decrease of the fraction of IFFs in the high frequency range in tonic mode might be simply explained by the absence of bursts. This argument also holds true for the increase of the fraction of IFFs in the low frequency range. The lack of post-burst spiking in some BS VIP neurons ( Figure 1A ) will also contribute to this.
The change in firing pattern was accompanied by slight changes in the waveform of APs and AHPs (Table S2) . In tonic mode, APs had a less steep slope (burst mode: 245.7±41.2 V/s vs. tonic mode:
221.1±34.7 V/s; P = 0.02). AHPs increased in amplitude (burst mode: 10.1±2.8 mV vs. tonic mode:
12.2±3.1 mV; P = 0.008) and showed a longer time to peak (burst mode: 0.48±0.098 ms vs. tonic mode: 0.64±0.13 ms; P < 0.001).
In summary, our data show that bursting in VIP neurons was only present at a more hyperpolarized membrane potential and switched to a tonic firing mode following depolarization. This change of firing patterns substantially restricts the dynamic firing frequency range in tonic mode.
Which mechanism underlies burst firing and burst-tonic switching in BS VIP neurons?
The characteristics of firing patterns in BS VIP neurons described so far closely resemble those of thalamic relay neurons (Llinas and Jahnsen 1982). Accordingly, we tested whether T-type calcium channels also mediate this firing behavior in BS VIP neurons by means of pharmacologically blocking these channels. In a first series of experiments (n = 5; Figure 3A rarely observed rebound spiking at RMP. To clarify whether BS VIP neurons actually possess HCN channels, we applied strong negative current pulses (-100 pA, 1 s) under control conditions and during application of the HCN channel antagonist ZD7288 (BoSmith et al. 1993 ) both at RMP. As shown in Figure 3C+D , both, the voltage sag and the rebound depolarization apparent under control condition (blue trace), fully disappear when HCN channels are blocked (purple trace). Together, these experiments show that BS VIP neurons are equipped with both T-type calcium channels and HCN channels, the former being responsible for burst firing at RMP.
Cholinergic and serotonergic modulation of VIP neurons
So far, we have characterized the burst-tonic switch of VIP neurons by depolarizing current injections.
Physiologically, however, membrane potential depolarizations depend on other mechanisms, for example barrages of excitatory synaptic input or neuromodulator release. Since ACh and 5HT, two prominent neuromodulatory systems, are known to depolarize VIP neurons in primary somatosensory cortex (Porter et al. 1999; Ferezou et al. 2002) we hypothesized that their action might cause the burst-tonic switch. If so, one might ask whether the required strong depolarization is specific for BS VIP neurons, or whether all layer II/III VIP neurons are affected similarly. In a first set of experiments we bath-applied ACh (40 µM; n = 18) and 5HT (5 µM; n = 27), while monitoring the membrane potential of VIP neurons. Long-lasting bath application also enabled us to test the effects on firing patterns, i.e. the burst-tonic switch as well as the dynamic frequency range.
Both neuromodulators induced a statistically significant steady-state depolarization (ACh: P < 0.001; 5HT: P < 0.001; Figure 4A + B) in all tested VIP neurons without a significant difference in magnitude between ACh and 5HT (Figure 4A + B; ACh: 8.6±3.7 mV vs. 5HT: 7.2±3.0 mV; P = 0.19). We also monitored the recovery from the drug-induced effects during a prolonged wash-out phase. VIP neurons readily repolarized to their original membrane potential during recovery from ACh within ten minutes ( Figure 4B ; control: -62.8±4 mV; ACh: -54.3±5.1 mV vs. recovery: -59.7±5 mV; P = 0.003).
After application of 5HT, on average, the depolarization persisted in VIP neurons for more than 30 minutes (control: -62.5±4.9 mV; during 5HT: -55.3±5.1 mV vs. recovery: -54.7±5.6 mV). None of the neurons fully recovered after 5HT application, 9 of 27 partially recovered, the remaining 18 neurons either maintained the depolarized level or even depolarized further. In addition to the long- ACh ( Figure 4C ). This transient depolarization was always larger in magnitude than the steady-state depolarization and evoked spiking in most of the cells. We hypothesized that the transient responses were mediated by ionotropic 5HT 3a R because these are fast and desensitizing (Derkach et al. 1989; Anwyl 1990; Jackson and Yakel 1995) in line with the classification of VIP neurons as 5HT 3a Rexpressing interneurons (Rudy et al. 2011) . Interestingly, the persistent steady-state depolarizations outlasting the application period of 5HT point to the presence of metabotropic 5HTR (Anwyl 1990), which have not been described for cortical VIP neurons as of yet.
To identify the receptors mediating the effects of ACh and 5HT, we changed our experimental protocol. VIP neurons were recorded in voltage clamp and ACh and 5HT were applied by focal pressure application. This allowed to control the stimulus duration and adding specific antagonists for receptor subtypes to the bath, while monitoring evoked currents. Short focal application (50 to 100 ms) of ACh (100 µM) reliably evoked inward currents (n = 29), which were blocked by bath-applied mecamylamine (100 µM; n = 8), an antagonist of nicotinic AChR ( Figure 5A ; Figure S8A ). Thus, ACh acts on VIP neurons via nicotinic AChR, confirming earlier studies (Porter et al. 1999; Arroyo et al. 2012; Fu et al. 2014 ). Short focal application of 5HT (200 µM) evoked an influx of currents in only a subset of tested neurons (18 of 35). In some of the VIP neurons responsive to the latter approach, we combined short focal 5HT applications with bath application of tropisetron, a 5HT 3a R antagonist (n = 5). Under these conditions, the inward current was reliably abolished ( Figure 5B ; Figure S8B ). This finding confirmed our hypothesis that 5HT 3a R are present in a subset of VIP neurons. Additionally, it also showed that an application period of only 100 ms does not evoke long-lasting changes in currents putatively underlying the observed steady-state depolarization.
Thus, we adjusted our focal application protocol by prolonging application time to 30 s. Under these conditions, we again observed the fast inward current described above only in a subset of VIP neurons (n = 20 of 34; Figure 5H ). The decrease of the initial strong current component during application of 5HT underlines the desensitization of the respective receptor. In contrast to the current influx observed in response to short focal application, here we detected an additional inward current of low magnitude but prolonged duration ( Figure 5H , upper trace). The remaining subset of VIP neuron responded to prolonged focal application only with the long-lasting current component (n = 14; Figure 5F , upper trace). Again, co-application of 5HT and tropisetron (10nM) blocked the initial fast inward current, however, it had no apparent effect on the small long-lasting inward current (n Figure 5H , middle trace; Figure S8E ). If tropisetron has no apparent effect on the long-lasting component, it must be mediated by one of the metabotropic receptors. Long-lasting effects of 5HT,
both depolarizations recorded in current-clamp as well as inward currents recorded in voltage-clamp, have been shown to be mediated by 5HT 2 R in many brain regions including cerebral cortex (Davies et al. 1987; Sheldon and Aghajanian 1990; Araneda and Andrade 1991; Hsiao et al. 1997; Newberry et al. 1999) . Therefore, we decided to co-apply 5HT and cinanserin, a broad 5HT 2 R antagonist. As shown in Figure 5F+H (bottom traces), cinanserin (400 µM) reliably blocked the long-lasting inward currents induced by 5HT application (n = 9; Figure S8D ). It has been shown that 5HT acting via the 5HT 2 R reduces the resting K + leak conductance (Hsiao et al. 1997) . Therefore, the apparent inward current blocked by cinanserin likely reflects a reduction of the persistent K + outward current.
These results are fully in line with the 5HT-evoked responses observed in current-clamp recordings described above.
When combining both datasets, only 48% (36 of 75) of VIP neurons showed 5HT 3a R-mediated responses ( Figure S9A ) but all of them were affected via 5HT 2 R. Since the main focus of the current study is on BS VIP neurons, we asked whether we have the same proportional expression of the different 5HTR subtypes. We found that 69% of BS VIP neurons (16 of 23) showed 5HT 3a R-mediated responses, while we observed this in only 38.5% of non-BS VIP neurons (20 of 52). Statistical analysis revealed a significant link between 5HT3aR-mediated responses and burst firing (Chi-square test; P = 0.025; Figure S9A ). As mentioned before, however, BS VIP neurons were found more often in upper layer II/III. If VIP neurons expressing 5HT 3a R would have a similar location bias, the higher proportion of BS VIP neurons with 5HT 3a R might simply come by coincidence. As shown in Figure S9B , there is no such location bias for 5HT 3a R. Therefore, 5HT 3a R indeed are more abundant amongst BS VIP neurons.
Apparently, long focal applications are necessary to evoke responses mediated by metabotropic 5HTR. We asked whether a similar approach could also uncover metabotropic receptor-mediated responses in the case of ACh, because it also acts on ionotropic and metabotropic receptors. As shown in Figure 5D , long focal application of ACh (100 µM) induced an immediate current influx (upper trace) which persisted throughout the entire 30 s, ruling out the contribution of the alpha-7 subunit (Quick and Lester 2002). In contrast to 5HT, the current influx ceased within seconds after
ACh application (n = 9). When we co-applied mecamylamine (100 µM), the observed current influx was fully blocked (lower trace; n = 6; Figure S8C ). Therefore, ACh action via metabotropic receptors can be excluded.
In conclusion, ACh and 5HT substantially depolarize VIP neurons in layer II/III of the barrel cortex.
While cholinergic modulation exclusively involves nicotinic receptors, serotonergic effects are more complex. In addition to the ubiquitous 5HT 2 R-mediated response, a subset of these neurons expresses functional 5HT 3a R. Interestingly, 5HT 3a R are much more likely to be found in BS VIP neurons than in non-BS neurons.
Is the depolarization induced by ACh and 5HT sufficient to trigger the burst-tonic switch in BS VIP neurons?
To answer this question, we analyzed the effect of bath-applied ACh and 5HT on the firing behavior of BS VIP neurons. According to our definition, BS VIP neurons fired a burst of APs in response to rheobase stimulation (upper insets in Figure 6A + B). Regardless of the actual magnitude of depolarization induced by either neuromodulator in individual neurons (ACh n = 8; 5HT n = 9), ACh or 5HT consistently changed the response to rheobase stimulation from bursts to single spike firing (lower insets in Figure 6A + B). In any case, the initial burst pattern was recovered (insets in Figure   5E + F) when DC was injected in order to compensate for the drug-induced depolarization. Next, we asked whether depolarizations induced by ACh or 5HT influence the entire frequency spectra of BS VIP neurons in a similar way as artificial alterations of the membrane potential by DC application does ( Figure 2B -D) . To this end, we again applied series of suprathreshold current pulses with increasing amplitudes under control and test conditions. As described above, we calculated IFF plots from these data. Under control conditions, BS VIP neurons typically showed the initial high frequency firing followed by occasional APs at irregular intervals or even no further APs ( Figure 6A 
Discussion
In the present study, we describe a bimodal firing behavior in a substantial proportion of VIP neurons in layer II/III of mouse primary somatosensory cortex for the first time. These neurons switch from burst to tonic firing dependent on the membrane potential and its effect on the availability of T-type calcium currents, respectively. In contrast to this clear-cut difference in firing behavior between BS and non-BS VIP neurons, morphology and basic electrophysiological properties are strikingly similar.
Furthermore, we show that both ACh and 5HT contribute to the depolarization required for such a switch. Interestingly, we discovered a so far unknown serotonergic modulation of layer II/III VIP neurons via type 2 metabotropic receptors.
Mechanisms of the firing behavior in BS VIP neurons
Bursting in VIP neurons is characterized by two main features: (i) it occurs as an all-or-none response and (ii) its voltage-dependent switch to tonic firing. Both features can be explained by T-type calcium channels, which we show to be present in BS VIP neurons. At relatively hyperpolarized membrane potentials, T-type calcium channels are transiently activated upon depolarization and allow the generation of a burst. The lack of deinactivation of these channels at depolarized membrane potentials leads to tonic firing (Huguenard 1996) . Burst firing behavior like that but also the underlying mechanism is well known for thalamic relay cell (Llinas and Jahnsen 1982; McCormick and Pape 1990 ). Based on a mixed action of T-type calcium channels and HCN channels, these thalamic cells show rebound burst firing enabling rhythmic activity. Although BS VIP neurons also possess HCN channels, as shown in the present study, we rarely observed rebound spiking in this population. As reviewed in (Huguenard 1996) , rebound spiking based on t current strongly depends on ambient ion concentrations, deinactivation and activation thresholds. This opens several possibilities why rebound spiking occurs so rarely in our sample. If VIP neurons do not differ from thalamic relay cells in terms of surface charges, ambient ion concentrations should not be a major factor because thalamic relay cells do show rebound spiking under the conditions used here (Guy et al. 2016 ).
T-type calcium channels require sufficient hyperpolarization to be released from inactivation. As shown in Figure S2 , the hyperpolarizations evoked in the present study met this requirement both in magnitude and duration (Coulter et al. 1989) . Therefore, lack of deinactivation is probably not the reason for the sparseness of rebound spiking. The threshold for activation, finally, differs substantially between cell types. In thalamic relay cells it is around -60 mV, whereas it is 9 mV more depolarized in thalamic reticular cells (Huguenard 1996) . Such differences were shown to be due to differences in However, we believe that it is fair to compare the peak membrane potential of the depolarizing hump to the peak rebound depolarization. Since the latter is around 15 mV more hyperpolarized, it is not a surprise that rebound depolarizations will not consistently evoke rebound spikes. Although BS VIP neurons possess both T-type calcium and HCN channels, the striking difference between apparent activation threshold and rebound depolarizations does not put them into the position to generate autogenic rhythmic bursting.
Bursting in VIP neurons as a classifier
Classification of cell types intends to define clear-cut groups of cells based on their intrinsic properties which will, in the best case, reveal functionally distinct populations. This holds true also for the distinction of subgroups within specific cell-types. This approach is traditionally based on large samples of basic parameters of individual neurons (Tyner 1975) . Cell classes, however, are not an end in itself but should at best guide experimenters. In the present study, we described a single feature of a subpopulation of VIP neurons in layer II/III, namely bursting, which is not only a qualitative difference to other VIP neurons but can also be easily tested during actual experiments.
Nevertheless, it is of interest to analyze and compare multiple basic properties. In a previous study (Prönneke et al. 2015) , we described differences between VIP neurons in layer IV-VI and layer II/III based on basic electrophysiological and morphological properties. However, we did not attempt to further subdivide VIP cells in layer II/III because of a low sample size and a remarkable heterogeneity.
Based on a larger sample size, especially for BS VIP neurons, we were now in the position to compare the standard parameters of BS VIP neurons to those of non-BS VIP neurons in layer II/III. In terms of morphology, the most striking result was the restriction of somata of BS VIP neurons to the upper two thirds of layer II/III, a finding that will also simplify further studies on BS VIP neurons. The distribution of neurites was almost identical for both groups. As mentioned above, this does not indicate shared input sources and output targets. In terms of electrophysiology, we found more differences between the two groups, however, they are not fully distinct. Moreover, it requires post-hoc analysis of a large sample to reveal putatively separate cell types, which could have been already identified based on the occurrence of burst firing or not.
Since our analysis was based on classical electrophysiological and morphological properties, it is important to also consider molecular approaches to classify VIP neurons, especially regarding transcription of the genes relevant for burst spiking. We identified T-type calcium channels as the mechanism for burst spiking in BS VIP neurons. These channels contain one of three different alphasubunits (McRory et al. 2001) , encoded by the genes CACNA1G, CACNA1H, and CACNA1I. To our knowledge, there is only one report describing single cell transcriptomics in mouse somatosensory cortex (Zeisel et al. 2015) , however, none of these genes were reported for interneurons in this study. In a recent study in mouse visual cortex, the population of VIP neurons was subdivided into 5 subgroups based on mRNA expression profiles (Tasic et al. 2016) . In this study, the expression of T-type calcium channel encoding genes is neither restricted to 1 of the subgroups of VIP neurons, as defined by Tasic and colleagues, nor is it a common feature of all neurons within any of these subgroups. On the other hand side, CACNA1G-I expression is also not equally distributed or at least detected in a substantial number of neurons across each of the subgroups. Thus, expression of T-type calcium channel encoding genes does not clearly match to subgroups identified by single cell transcriptomics so far. In the present study, we showed that both BS and non-BS VIP neurons in layer II/III are affected by ACh and 5HT. While ACh acts via nicotinic receptors, 5HT action is mediated by ionotropic 5HT3aR
Mechanisms of cholinergic and serotonergic modulation
and metabotropic 5HT2R. Modulation of VIP neurons by ACH and 5HT has been shown before (Porter et al. 1999; Ferezou et al. 2002; Arroyo et al. 2012; Fu et al. 2014) , however, without focus on putatively distinct subtypes. As we demonstrate here, BS and non-BS VIP neurons show similar responses to both neuromodulators. In addition to confirming previous studies, we found two novel aspects: (i) serotonin ubiquitously operates via metabotropic receptors, and (ii) ionotropic serotonin receptor-mediated responses are lacking in more than half of the layer II/III VIP neurons. The latter finding seems somewhat surprising since VIP neurons are considered to be a subgroup of 5HT3aR-expressing interneurons (Lee et al. 2010; Rudy et al. 2011) . As long as this controversy is not resolved, 5HT3aR-expression as a marker for VIP neurons should be taken with caution.
From a functional point of view, the disparity in 5HT3aR-mediated responses is of interest because it allows a differential recruitment of VIP neurons by 5HT. This is even more striking, because we have shown in the present study that a significantly larger proportion of BS VIP neurons possess functional 5HT3aR than non-BS VIP neurons. ACh and 5HT, the latter via metabotropic receptors, modulate 
